Loess consists of silt-dominated sediments that cover ~10% of the Earth's surface. In southern South America it occurs in Argentina, Bolivia, Paraguay and Uruguay, and its presence in southern Brazil was never studied in detail. Here is proposed a new lithostratigraphic unit, Cordão Formation, consisting of loess deposits in the southern Brazilian coastal plain. It consists of fine-very fine silt with subordinate sand and clay, found mostly in lowland areas between Pleistocene coastal barriers. These sediments are palecolored (10YR hue) and forms ~1,5-2,0 meter-thick stable vertical walls. The clay minerals include illite, smectite, interstratified illite/smectite and kaolinite, the coarser fraction is mostly quartz and plagioclase. Caliche and iron-manganese nodules are also present. The only fossils found so far are rodent teeth and a tooth of a camelid (Hemiauchenia paradoxa). Luminescence ages indicate that this loess was deposited in the latest Pleistocene, between ~30 and 10 kyrs ago, and its upper portion was modified by erosion and accumulation of clay and organic matter in the Holocene. The estimated accumulation rate was ~630 g/ m 2 /year. The probable source of this loess is the Pampean Aeolian System of Argentina and it would have been deposited by the increased aeolian processes of the last glacial.
INTRODUCTION
Loess is a type of sediment dominated by silt-sized particles (0,004-0,062 mm in the scale of Wentworth 1922) , transported and accumulated by aeolian activity (Pye 1984 , Muhs 2006 . The loess found in the Northern Hemisphere consists chiefly of quartz (up to 60-70%), carbonate (20 to 30%), clay minerals (10 to 20%) and variable amounts of feldspars, heavy minerals, and volcanic glass (Smalley 1966 , Pye 1984 . Loessic sediments usually form massive deposits, but are often found intercalated with paleosoils; the grains are weakly cemented by iron oxide or carbonate, but form vertical, stable walls under dry conditions (Pécsi 1990 ). This material is divided in primary (of aeolian origin) and secondary (primary loess that was re-worked and re-deposited by other mechanisms).
The formation of loessic deposits encompasses an initial phase of weathering, followed by and 38°S (d'Orbigny 1842 , Darwin 1846 , Teruggi 1957 , Zárate and Blasi 1991 , 1993 . Smaller deposits are found in Uruguay and in the Chaco area of Bolivia and Paraguay (Iriondo 1997 , Muhs 2006 , Latrubesse et al. 2012 . In Uruguay, loessic deposits are associated to the Pleistocene Libertad I, II and Dolores-Sopas formations (Panario and Gutiérrez 1999, Veroslavsky et al. 2004) .
The loess deposits of Argentina form a 2.000 km-long and 300 km-wide belt surrounding the Pampean Sand Sea (Iriondo and Kröhling 2007a) . Despite of the similar grain size (silt and sandy silt) as the North American and European loess, the high proportion of plagioclase over quartz and the abundance of volcanic glass shards indicates a volcano-pyroclastic origin for the Argentinean loess (Teruggi 1957) . The loess found to the south of 30°S, is predominantly composed of sandy silt, derived from rocks of the Patagonian Andes and redistributed by southern winds. The loess found between 23° and 30°S, called Neotropical loess by Sayago (1995) , is mainly silty clay and consists of material generated in the Bolivian Andes and accumulated in lowlands of Bolivia, Paraguay and northern Argentina by northern winds (Sayago 1995 , Iriondo 1997 , Zárate 2003 . The decrease of coarse-grained material reflects the increasing distance from the source area Blasi 1991, Sayago 1995) .
Although some authors (Delaney 1962 , Soliani, 1973 , Bombin 1976 , Gomes et al. 1987 , Zárate 2006 ) have mentioned the presence of loess in southern Brazil, represented by silty, calichebearing sedimentary deposits, its occurrence was not subject to detailed studies so far. Here is proposed a formal lithostratigraphic unit that encompasses the loess deposits found in the southern coastal plain of the state of Rio Grande do Sul (CPRS), based on descriptions of its characteristics, distribution, mineralogical composition and age, and proposing a possible origin and mechanisms of deposition.
GEOLOGICAL BACKGROUND
The CPRS is the emerged uppermost portion of the Pelotas Basin, a marginal sedimentary basin developed after the split between South America and Africa in the Cretaceous (Villwock and Tomazelli 1995) . Lithostratigraphically, the Cenozoic sediments of the CPRS constituted the Patos Group, divided into Graxaim (alluvial deposits), Chuy (shallow marine deposits) and Itapoã (aeolian deposits) Formations (Delaney 1965) . This same author designed as 'Caliche Cordão' the carbonatic horizon found within the silty sediments in southern CPRS, presumably representing a pedogenic modification of the Chuy Formation. Later, the fossil-bearing fluvial facies overlying that unit was designed Santa Vitória Formation (Soliani 1973) . The siltyrich, caliche-bearing layer above the Santa Vitória Formation was designed 'Cordão Soil Unit' and regarded as the product of pedogenetic modification of the the former (Jost 1975) .
During the 1980s, the geology of the CPRS was reviewed and a new scheme, based upon the recognition of chronostratigraphic units encompassing facies associations, was adopted for describing the large-scale geological structure of the plain Tomazelli 1995, Tomazelli and Villwock 2005) . Under this new scheme, the CPRS encompasses two large sets of depositional systems: the Neogene Alluvial Fans (corresponding to the Graxaim Fm.) and the Quaternary BarrierLagoon systems (Villwock and Tomazelli 1995 , Tomazelli et al. 2000 . The latter consist of four systems formed by successive sea-level highstands linked to glacioeustatic oscillations in the last ~400 ka, which reworked the uppermost terrigenous clastic sediments of the Pelotas Basin (Rosa 2012, Dillenburg and Barboza 2014) .
Although Delaney (1965) grouped all marine deposits of the CPRS as Chuy Formation, it has been recognized that the barrier-lagoon systems are chronostatigraphically distinct units (Villwock and Tomazelli 1995) . The Barrier II would have been formed by the sea-level highstand that reached its maximum around 220 kyrs ago, correlated to the marine isotope stage (MIS) 7e, according to electron spin resonance (ESR) datings on fossil shells and luminescence ages from sediments of the marine facies (Lopes et al. , 2014 . The Barrier III was formed by the sea-level highstand of ~125 kyrs ago (MIS 5, Tomazelli and Dillenburg 2007, Lopes et al. 2015) , whereas the Holocene barrier (IV) comprises the present-day coastline, developed in the last 10 kyrs (Caron 2007 , 2014 , Lima et al. 2013 . This barrier has the same siliciclastic composition as the Pleistocene ones, but with smaller amounts of clays or feldspars (Villwock and Tomazelli 1995) .
The barrier systems encompass marine and aeolian facies, in an environmental sense (Reading 1986), i.e., according to the different depositional environments that characterize these systems. The marine facies of the Pleistocene barriers are exposed only in man-made excavations, gullies and river banks, and consist of fine, well-sorted medium to fine quartz sand, with some amounts of heavy minerals and biogenic carbonates. The aeolian facies consist of fine, well-sorted quartz sand with subordinate feldspars, iron oxide nodules, heavy minerals, mica and small amounts of clays and organic matter, related to postdepositional pedogenesis (Villwock and Tomazelli 1995) .
In the southern CPRS the barrier-lagoon systems II, III and IV are well-represented by long sandy barriers stretching for more than 200 km, parallel to each other and intercalated with the lagoon systems (Figure 1 ). The lagoon systems II and IV include two large coastal lakes (Mirim and Mangueira, respectively), while the Lagoon System III is a large lowland plain between the barriers II and III, mostly covered by soils, wetlands and small streams. The largest stream found in this plain is the Chuy Creek, renown for the presence of Pleistocene mammals in deposits exposed along its banks (Paula Couto and Cunha 1965 , Lopes et al. 2009 , Pereira et al. 2012 , Lopes 2013 ). In the study area, the creek was very shallow (< 1 meter) until the early 1960s, when it was dredged and further deepened for agriculture purposes, thus exposing the stratigraphic sequence described here.
Present-day climate in the study area is warm temperate-warm subtropical, with predominant winds from SW (autumn-winter) and NE (springsummer); annual rainfall ranges from 1.000 to 1.500 mm, occasionally increasing due to influence of the El Niño (ENSO) phenomenon (Dillenburg and Barboza 2014) . The southern CPRS is part of the Pampa landscape that stretches between the central-southern Rio Grande do Sul and northeastern Argentina (Roesch et al. 2009 ).
MATERIALS AND METHODS
The recognition of the silty sediments found in the southern CPRS as having a distinct origin from the neighboring units is a result of an ongoing research program focused on the evolution of the southern CPRS from the middle Pleistocene to the Holocene, using geological and fossil proxies. This research is based on field descriptions of outcrops, sedimentological analyses and fossil collecting in the Barrier-Lagoon Systems II, III and IV.
Because most of the geomorphological units are covered by vegetation, crops and wetlands, fieldwork has been performed in places where natural or man-made exposures of the stratigraphic units are found. The best outcrops are found along the banks of Chuy Creek, lake margins, gullies, and irrigation channels excavated in the barriers II and III. In each outcrop stratigraphic profiles were described after the removal of up to 10-20 centimeters of the weathered surface sediments. The description of color followed the Munsell soil color scale. Sediment samples were collected at the lower, middle and upper parts of each barrier for grain-size comparisons.
At the outcrops along the creek, sediment samples were collected at 10 centimeter intervals to evaluate grain-size variations related to facies changes. Values of magnetic susceptibility (MS) were measured in situ from different outcrops in vertical profiles at 5 centimeter intervals using a KT-9 portable kappameter. The MS values are related to the presence of ferromagnetic minerals, and allow distinguishing between loess and paleosoils (Maher 1998) . From the outcrop chosen to be the type section, on the left bank of Chuy Creek, two blocks of loess weighing ~2 kg each (samples Lo-01 and Lo-02) were collected for age determination by optically stimulated luminescence (OSL), using the single-aliquot regenerative (SAR) protocol. The sample Lo-1 was collected some 80 centimeters above the boundary with the underlying Santa Vitória Formation, and Lo-2 was collected ~80 centimeters above. One articulated freshwater bivalve was collected from the uppermost layer in the right bank for radiocarbon dating at Beta Analytic Inc (sample Beta 384083).
Granulometric and morphoscopic analyses followed the method of Folk (1980) . The sediment samples, weighing about 50 g each, were dried, disaggregated with mortar and pestle, homogeneized and then sieved through ½ phi mesh sieves. Additional analyses were performed using a Horiba L-950 V2 laser scattering particles size, in order to establish the relative proportions of size classes of the fine (<0.062 mm) fraction.
Five samples weighing up to 10 g each, consisting of the fine fraction of the loess were selected for qualitative X-ray diffractometry (XRD) analyses at the Laboratório de Mineralogia of Universidade Federal do Rio Grande do Sul (UFRGS), to identify the clay mineral content. Ten samples from the aeolian facies of the barriers II and III were also analysed to compare the mineralogical compositions. The samples were dried and crushed for total analysis, and the fractions <0.004 mm were mounted in glass slides for natural, glycolated and calcined analyses. The samples were read in an automated Siemens-Bruker AXS D5000 diffractometer (Cu-Kα radiation, 40 kV, 25 mA).
One nodule (<1 cm in diameter) found in the loess was cut in half and subject to energydispersive X-ray spectroscopic (EDS) analysis in order to determine its composition, using a Jeol JSM-6610LV electron scanning microscope (MEV) at the Centro de Microscopia Eletrônica do Sul (CEME-Sul) of the Universidade Federal do Rio Grande (FURG).
RESULTS

HIERARCHY AND NAME
Although the traditional lithostratigraphic subdivision of the CPRS was replaced by the concept of depositional systems (Villwock and Tomazelli 1995) , the proposal of a new lithostratigraphuic unit presented here is based on the recognition that its origin is distinct from the barrier-lagoon systems. This new lithostratigraphic unit is recognized according to the criteria established by the Brazilian stratigraphic code (Petri et al. 1986 ). It is classified as a formation based on its lithologic uniformity, distinctive lithology from adjacent units, lateral continuity and mapeability in the 1:25.000 scale. Besides, its fossil content seems distinct from those of the adjacent units.
The name Cordão was taken from the locality where Delaney (1965) described caliche deposits of the southern CPRS. Later, this name was adopted for designating the caliche-bearing silty sediments, then classified as a soil unit (Jost 1975) , now recognized as the Cordão Formation.
STRATOTYPE AND DISTRIBUTION
The best outcrops of this unit are exposed along the banks of Chuy Creek. The designed stratotype ( Figure 2 ) is located on the left bank, some 6 km to the SE of the town of Santa Vitória do Palmar, at the UTM coordinates 6282334S / 0283287E. Here, the bank rises about ~56 meters above the creek bed ( Figure 2 ). The lowermost two meters belong to the marine facies of the Barrier System II (Rosa 2012, Lopes et al. 2013) , and consist of fine, wellsorted quartz sand with heavy minerals, cross and parallel stratifications, fossil molluscan shells and ichnofossils Ophiomorpha nodosa and Rosselia sp. (Lopes et al. 2014) .
At the stratotype section, two overlapped fluvial deposits (f1 and f2 in Figure 2 ), measuring ~1 meter in total thickness, mark the transition from the marine facies to the Santa Vitória Formation above. The latter encompasses paleosoils and lensshaped fluvial deposits that measure up to 10 meters in length, up to 40 centimeters in thickness, and contain a diverse fossil assemblage of Pleistocene mammals (Lopes 2013 ). The sediment is mostly fine sand, with up to 20-25% of silt and clay. The boundary between the marine facies of the Barrier II and the fluvial deposits of the Santa Vitória Formation is erosive, but in places where the latters are absent, the marine sediments grade to paleosoils and aeolian deposits. RENATO P. LOPES, SERGIO R. DILLENBURG and CESAR L. SCHULTZ The Cordão Formation conformably overlies the Santa Vitória Formation. The transition is marked by a gradual increase in silt-sized particles, which form a layer with thickness between ~1,5 and 2 meters; at the stratotype section, it is nearly 2 meter-thick. The loess deposits are better preserved in the lowlands of the Lagoon System III, located between the barriers II and III. In the surrounding terrain the loess is mostly covered by wetlands and modern vegetation, but is visible in gullies and channels cut into the sediments (Figure 3a) . Along the banks of Chuy Creek, the loess deposit is continuously exposed for some 20 kilometers ( Figure 3b ).
Sediment samples collected from several boreholes made in the vicinity of Chuy Creek show the presence of silty sediments in the uppermost aeolian facies of the Barrier III (Figure 4 ), but its distribution is not homogeneous and it is covered by clayey silt and wind-blown sand from the Barrier III. The presence of a silt-rich layer, probably of loessic origin, was reported by Gomes et al. (1987) from an outcrop of the Barrier III exposed on the coastline. Although a distinct loess layer was not Lopes et al. (2010 Lopes et al. ( , 2013 and (c) TL ages from Lopes et al. (2014). observed in the Barrier II, Gomes et al. (1987) described the existence of small deflation basins filled with silt on top of this barrier.
PHYSICAL PROPERTIES
The physical differences observed in the loess deposits allowed to distinguish a lower and an upper layer. The lower layer of the Cordão Formation is thicker (>1 meter), and exhibits the characteristic features of loess deposits. It is consolidated and forms vertical, stable walls ( Figure 5a ) that are more resistant to erosion than the underlying sandy fluvial and marine sediments (Figure 5b ), but become friable when saturated with water. Prismatic structures are formed due to the presence of clay and its color varies from very pale brown (10YR 8/2) to pale yellow (5YR 8/2).
This layer is usually homogeneous and massive, without erosive surfaces within it, but subhorizontal laminations were observed in the stratotype section (see Figure 2) . Distinct, well-developed paleosoil horizons are not present, but plant root traces are common and sparsely distributed. These traces occur in the form of vertical and horizontal fissures filled by organic matter-rich clay that can reach several centimeters in depth ( Figure 5c ). Several root traces are surrounded by halos or crusts of iron and manganese ( Figure 5d ). Centimetric, subspherical dark reddish to dark brown ironmanganese nodules are present but sparsely distributed, found either isolated or in horizontal groupings (Figure 5e ). At some outcrops, the loess is mottled by iron oxide.
The MS values taken in situ from the loess exposed along the banks of Chuy Creek ranged from 0,10 to 0,28 x 10 -3 SI units (Table I) . These are higher than those from waterlogged sediments of the upper layer, but lower than the values found in modern well-drained soils developed on top of Barriers II and III. Despite small differences between each profile, the MS values found in the lower layer tend to increase upwards. The highest values (>0,20 x 10 -3 SI units) were found where iron oxide nodules and mottling are present. Caliche nodules and concretions (Figure 5f ) occur in the lower half of the formation. In the Santa Vitória Formation below, the caliche consist of rhizocretions (sensu Klappa 1980), formed by carbonate precipitation around plant roots, rather than nodules. The caliche deposits found in the southern CPRS constitute the "Caliche Cordão" described by Delaney (1965) . Although its distribution throughout the region is patchy, a ~460 meter-long continuous horizon is observed along the banks of the creek (Lopes et al. 2016a ).
The granulometric analyses show a predominance of well-sorted sand in the subaerial portion of the Pleistocene barriers, with modal class in the fine (0,125-0,25 mm) fraction. In both barriers the total amount of fine sediments (<0,062 mm) does not exceed 4%, and these are mostly clays of pedogenic origin concentrated in the B horizon Tomazelli 1995, Stevaux and Dillenburg 2011) . The loess, on the other hand, consists mostly of fine to very fine silt, with the highest amount of sand found in its lower half and decreas- Morphoscopic analyses show that the sandy fraction of the loess is a mixture of well-rounded, polished and subangular frosted grains, varying in shape from subspherical to elongated. This fraction consists of quartz and plagioclase, with some amounts (~10-20%) of other minerals such as mica, and epidote. Although common in loess deposits, volcanic glass was very scarce in the analyzed samples. The mineralogical similarity between the loess and the Barrier III suggests some contribution from the latter, probably by aeolian deflation.
The qualitative X-ray diffraction analysis showed few differences in mineral composition between the loess and the Pleistocene barriers (Table II, Figure 6a , b). All units contain essentially quartz and plagioclase, and micas were detected in the loess and in the Barrier III. K-feldspar, although present in both barriers, was not detected in the loess samples. Regarding the clay mineral fraction, illite and illite/mica are present on all samples, and kaolinite was detected only in the Barrier III and in the loess. Smectite and interstratified illite/smectite (I/S) were present only in the loess (Figure 6b ). The EDS analysis of a nodule from the loess revealed the presence of quartz, iron and manganese, plus other elements (Figure 6c ), and the MEV image (Figure 6d) shows that the nodules consist of sediment grains cemented together, probably by the iron manganese oxides dissolved and precipitated from vadose waters.
Minerals B II B III Loess
The boundary between the lower and upper layers of the formation is sharp and bioturbated by roots. The upper layer is a 0,5 -1,0 meterthick layer of clayey silt and sand characterized by the increase in the amount plant-derived organic matter, which produces the dark brown color (7.5R 3/2). These features indicate that the upper loess layer was modified by pedogenesis, plant growth and sediment reworking in wetland environments (fluvial, lacustrine, swamps), under wetter (and probably warmer) climate. It is mostly massive, but at some points along the banks it is laminated, and at one outcrop is interbedded with a layer of diatomite (Figure 7a ). In two other outcrops along the banks, lens-shaped bodies of laminated diatomite are interbedded between the lower and upper formation (Figure 7b) . In another outcrop, the top of the lower formation is truncated by an erosive surface, and the sediments deposited on top of it are laminated and contain freshwater bivalves and fragmented bones (Figure 7c ), thus indicating that the original upper loess was eroded and reworked by a fluvial system.
The sand present in soil formed in at the top of the sequence is probably material reworked from the uppermost Barrier III, which until recent years was subject to aeolian deflation but now is Figure 8a ) was found in the upper part of the lower formation on the left bank of Chuy Creek, about 1 km to the north of the stratotype section (see Figure  2) . The specimen has one molar still inserted on the alveolus, and the morphology indicates that it is an upper second molar (m2) of Hemiauchenia paradoxa (C.S. Scherer, pers. comm.), the only recognized species of this genus found in southern Brazil (Scherer et al. 2007 ). The tooth is complete and well-preserved, with few cracks on its surface, but the bone of the maxilla is highly weathered, with longitudinal cracking throughout its surface, which indicates long time of exposure to the elements prior to the final burial (Behrensmeyer 1978) .
The rodent incisors (MCTFM-PV1030, Figure  8b ) are very incomplete, and their morphology or measurements do not allow a more precise taxonomic assignment. Another fossil that probably was preserved within the loess is a right dentary of a rodent of the genus Lagostomus (chinchilla or vizcacha), described by Kerber et al. (2011) . This specimen, however, was found among eroded sediments just below the base of the loess layer, therefore its precise stratigraphic setting is not known.
AGE
The loess samples provided ages of 27.100 ± 4.300 yrs (Lo-01), and 26.000 ± 3.800 yrs (Lo-02, Table III ). These results are consistent with thermoluminescence (TL) ages from sediments and electron spin resonance (ESR) ages of fossil teeth from the underlying Santa Vitória Formation, with ages ranging from ~214 to 34 kyrs (Lopes et al. 2010 (Lopes et al. , 2014 .
The upper layer of the Cordão Formation is probably chronocorrelated to a ~1 meter-thick organic matter-rich clayey silt found on top of Pleistocene sediments a few kilometers to the southeast of Chuy Creek, which provided an age of 9.855 ± 305 cal yrs BP (Lima et al. 2013) . Caron (2014) also found similar material in a 
DISCUSSION
The presence of silty sediments at or close to the surface in the CPRS was reported by other authors. Delaney (1962) considered that this silt represents the continuity of loess deposits found to the west, in the Province of Entre Ríos (northern Argentina), which extended through Uruguay and the southern Rio Grande do Sul. In the first stratigraphic survey of Chuy Creek, Soliani (1973) followed this interpretation and considered that the calichebearing silty layer was formed by a combination of local pedogenesis and deposition of wind-blown fine material transported from periglacial areas of Argentina. He then concluded that the silt was loessic in origin, represented the latest Pleistocene 
ORIGIN AND MECHANISMS OF DEPOSITION
Although the mechanisms that produce silt-sized particles found in loess deposits are object of discussion, the most accepted explanations assume the comminution of particles by mechanical grinding by rivers or glaciers, or physico-chemical weathering in desert environments as the dominant processes (Smalley 1966 , 1971 , Wright 2001 . The upward increase in silt observed in the banks of Chuy Creek raised questions about its origin, because the physical conditions in southern Brazil are not suitable for an in situ formation of this material. Moreover, the Lagoon System III does not receive sediment input from rivers since the middle Pleistocene, when the Barrier II was formed (Villwock and Tomazelli 1995) . From then on, the only local sources of sediment would be the subaerial portions of the Barriers II and III, which could supply the material through aeolian transportation, mass movement or water flowing from wetlands developed on top of the barriers. The small amount of fine (mostly clay) sediments in the barriers, however, precludes these units as the source of the silt-sized particles of the Cordão Formation, although they may have supplied the sand-sized particles, as indicated by the similar mineral content. The barriers probably acted as topographic obstacles, trapping the loess within the Lagoon System III and preventing its re-mobilization. Local topography exerts a major influence on the deposition of loess, especially in areas of sparse vegetation (Mason et al. 1999) . It is likely that the loess was transported from distant areas to the southern CPRS by long-term aeolian suspension. In South America, Africa and Australia, the warm and humid conditions that characterized the interstadial stage between ~30 and 40 kyrs ago (MIS 3) were followed by dry and cold climate, with widespread aeolian processes until about 18 ka BP (Stute et al. 1995 , Munyikwa 2005 . Several geological records show that during MIS 2 southern South America was subject to increased aeolian processes ( Figure  9 ). The westerly winds (Westerlies) generated by the South Pacific Anticyclone that today are restricted to latitudes higher than 40 o S, reached up to 30 o S during MIS 2 (Lamy et al. 1998 , Kaiser et al. 2005 and were intensified because of the northwards shift of the polar front ). In addition, the greater northwards extent of the Patagonian glaciers, reaching up to 28 o S, probably accelerated the Westerlies as they crossed the ice fields, generating intense leeward katabatic winds (Clapperton 1993a , Hulton et al. 1994 , Iriondo 1997 , 1999b , Kumar 2011 . These winds caused northeastwards deflation of the loess belt that surrounds the Pampean Sand Sea. This loess was generated and deposited at the foothills of the Andes during the prior glacial stages (MIS 4 and 6), redistributed along the floodplains of the Salado, Negro and Colorado rivers during the intervening stages (MIS 5 and 3) and accumulated in the Pampean Aeolian System by aeolian processes (Clapperton 1993a, Iriondo and Garcia 1993 , Iriondo 1999b , Zárate and Tripaldi 2012 . The presence and orientation of long linear dunes found in the Pampean Sand Sea indicates prevailing anticyclonic winds from SSW during the LGM (Iriondo 1997 , 1999b , Carignano 1999 . Delaney (1962) proposed that the silt-sized particles found in the CPRS were transported from loess deposits found in the province of Entre Figure 9 -Environmental conditions in southern South America during MIS 2: the combination of the northwards shifted Westerlies, increased cathabatic winds from the Andes (CW) and cold fronts (CF), resulted in cooling and enhanced aeolian processes, which promoted the northeasterly deflation of the Pampean loess generated in the Andes and distributed by the Salado (S), Colorado (C) and Negro (N) rivers. The coastline located some 100 km farther to the east increased the effects of continentality. These factors would have pushed semiarid conditions (limited by the 500 mm isohyet) some ~750 km to NE (Ar: Argentina, Br: Brazil, Ch: Chile, Pa: Paraguay, Uy: Uruguay; modified from Iriondo 1997).
Ríos (northern Argentina), located westwards of Rio Grande do Sul. Considering the prevailing winds from SSW during MIS 2, however, the most likely source areas for the loess found in the CPRS would have been located to the south. Although some areas of southwestern Brazil, northeastern Argentina, northern Uruguay, Paraguay and Bolivia are covered by tropical loess (Iriondo and Kröhling 2007a) , its physical properties (silty clay, dark red color, clay fraction consisting mostly of quartz and kaolinite) are distinct from the loess found in the CPRS. Besides, the absence of fluvial connection between those areas and the CPRS indicates that it is unlikely that tropical loess could have been transported to the latter.
One possible source could be the Pleistocene loessic formations of Uruguay (Libertad I, II and Dolores). The carbonate-rich C soil horizons (CCa) found in the Touro Passo Formation (in western Rio Grande do Sul), in the southern-central part of the state, and in the CPRS, described by Bombin and Klamt (1974) and regarded as of loessic origin, exhibit spatial correlation with loess deposits of northern and northeastern Uruguay (Panario and Gutiérrez 1999; Figure 10 ). The Libertad I Formation consists of carbonate-rich massive aeolian deposits formed under cold and dry climate, with illite as the dominant clay mineral, while Libertad II exhibits B horizons and is richer in clay minerals, mostly montmorillonite, indicating deposition under warm and humid climate (Panario and Gutiérrez 1999) . The Dolores Formation covers large areas along the western bank of Mirim Lake, in Uruguayan territory, and Veroslavsky et al. (2004) observed that the Libertad I and Dolores formations may be the same unit. Following this rationale, the chronostratigraphic correlation between the Dolores/Libertad I and the Cordão formations, as deduced from the ages presented here, indicates that all were deposited at the same epoch, therefore may share a common origin, namely the loess belt surrounding the Pampean Sand Sea of Argentina.
The Pampa landscape stretches between the Buenos Aires Province of Argentina and the Rio Grande do Sul state. In this area there are no mountains or high plateaus that could act as a barrier for the southerly winds. The enhanced aeolian activity in the Pampas during glacial stages could have deflated and transported silt-and clay-sized particles from deposits of the Pampean Aeolian System that were generated during the previous glacial stages up to Uruguay and southern Brazil. Following this rationale, the loess of the Cordão and Dolores formations would have been formed by material that was generated during the penultimate glacial epoch (MIS 4) (Iriondo 1999a , Kröhling 1999 , thereforte it can be classified as secondary (or reworked) loess .
Wind velocities of 0,2 to 0,6 m/s -1 are capable of entrain and transport coarse-to fine-sized silt a few meters above the ground by long-term suspension (Tsoar and Pye 1987, Pye 1987) . Sayago et al. (2001) proposed that the transportation of loess from the Argentinean Pampas involved the combination of low-altitude strong winds, which transported the particles by suspension for short periods, and the vertical advection and redistribution of fine particles by high-altitude westerlies and jet streams.
MINERAL COMPOSITION AND PALEOCLIMATE
The clay mineral assemblage of the Cordão Formation is similar to that of loessic sediments found in some areas of the Pampean Region, which indicates an origin from volcanic rocks (Teruggi 1957 , Zárate 1991 , Morrás 2003 , Kemp et al. 2006 ). The coarse assemblage is similar to those of the Barriers II and III, suggesting some contribution from these units. In fact, the stratigraphic succession observed in the Barrier III shows that the subaerial portion of this unit was subject to aeolian processes from ~90 to 10.5 kyrs ago, when it was stabilized by pedogenesis (Poupeau et al. 1988 , Lopes et al. 2015 . Because clay minerals suffer minimal changes in composition (mostly ion-exchange reactions) during transportation and deposition (Eberl 1984) , the clays found in the loess are inherited from the parent material rather than produced by neoformation or transformation. Illite is a common clay mineral in the late Pleistocene Pampean loess (González Bonorino 1966 , Camillión 1993 , Sayago 1995 , Kröhling and Orfeo 2002 , Iriondo and Kröhling 2007a . The 'Pampean Formation' was divided in two zones: the upper contains caliche horizons, illite as the dominant clay mineral and is derived from Precambrian and 'Tertiary' rocks; the lower is formed by material derived from alteration of Triassic lavas and is dominated by montmorillonite and kaolinite (González Bonorino 1966) .
Illite is a potassium aluminous mica-like mineral that in continental environments can be formed in soils derived from acidic rocks, in areas where precipitation is below 500 mm, and remains stable during short-term fluvial transportation (Ferrando and Daza 1974, Velde 1985) . The origin of the interstratified illite/smectite in the Cordão Formation could be either aeolian transportation or neoformation. The rate of formation of interstratified illite/smectite from muscovite is faster in soils, probably due to the extra energy input from plants (Velde and Meunier 2008) .
Pedogenic carbonate, in the form of nodules and concretions is a common feature in semi-arid environments, including loess deposits (Teruggi 1957 , Smalley 1966 , Pécsi 1990 . Darwin (1846, Chap. IV) described that the sediments of the Pampean Formation usually contained horizons of 'toscas', formed by carbonate with nodular or stalactiform shapes (= rhizocretions?). The depth at which the pedogenic carbonate is formed exhibits negative correlation with regional precipitation, and usually occurs in places where the mean annual average precipitation does not exceed 500 mm (Kholodov 2007 , Tófalo and Morrás 2009 ). Delaney (1965 regarded the "Caliche Cordão" as the product of a pedogenetic phase developed under cold and dry climate. This assumption was discussed by Bombin and Klamt (1974) , who stated that although the caliche indicates dry conditions, it did not necessarily represent cold climate. They compared the carbonate-rich silty soils of the CPRS with similar deposits found in southern and western Rio Grande do Sul, and concluded that such soils were of Holocene age, formed during a warm and dry interval between 3.5 and 2.4 kyrs ago, also recorded in other areas of southern Brazil, but without providing absolute ages.
During MIS 2 arid and semiarid environments occupied about 25% of South America (Clapperton 1993a). The sea-level drop of some 120 m below present-day level during this interval would have increased continentality, thus further contributing for dry conditions. In southern South America, the climatic belts were shifted up to ~750 km to the northeast in response to the eastwards migration of the Pacific anticyclone (Clapperton 1993a , b, Iriondo 1999b , Ab'Saber 2000 , Rabassa et al. 2005 . This implies that the 500 mm isohyet that today is found to the southwest of the Pampean Region may have reached up to Uruguay and southern Brazil, as has been proposed by other authors (Clapperton 1993b , Ab'Saber 2000 , Zárate 2006 ). This assertion is supported by the presence of fossils of rodents regarded as indicators of arid and semiarid conditions (Dolichotis, Microcavia) in the Dolores Formation of Uruguay (Ubilla et al. 2011 , Corona et al. 2013 ) and also in Chuy Creek (Ubilla et al. 2008 , Kerber et al. 2011 .
Paleoclimatic data obtained from a speleothem collected in a cave located some 900 km to the north of Chuy Creek indicate that precipitation in southern Brazil is controlled by insolation maxima and minima, and suggest an increase in summer monsoon (SASM) rainfall (of tropical origin) in southern Brazil between 40 an 17 kyrs ago, probably caused by a southward shift of the South America Convergence Zone (SACZ) forced by the expansion of ice in the Northern Hemisphere (Cruz et al. 2005) . The apparent discrepancy between those results and the records of dry environments in the southern CPRS at that interval could be explained if those conditions caused increased seasonality of rainfall, with contrasting wet and dry seasons, or if the total amount of summer rainfall of tropical origin that reached areas to the south was much lower than in the area where the cave is located. In fact, the city of Porto Alegre, located nearly 500 km to the north of Chuy Creek, today receives less precipitation during summer, when the SASM is intensified due to the southwards shift of the SACZ (Cruz et al. 2005) .
The iron-manganese nodules and iron oxide mottlings are redoximorphic features, formed by the concentration and oxidation of manganese and iron related to variations of moisture availability (Vepraskas and Lindbo 2012) . Alternate seasonal cycles of wetting and drying are the main control on the mineral dissolution and precipitation of manganese and iron oxides in soils, which lead to the formation of iron-manganese nodules (Sanz et al. 1996 , Stiles et al. 2001 . Therefore, the presence of such nodules in the Cordão Formation could indicate seasonal rainfall regime during the last glacial epoch.
MAGNETIC SUSCEPTIBILITY (MS)
The values of MS in continental sediments are useful proxies for estimating paleoclimatic conditions (Heller and Evans 1995 , Maher 1998 , Balsam et al. 2011 . In loessic sequences, MS variations usually result from differences between paleosoils (developed under wetter/warmer conditions) and loess (deposited under drier/cooler conditions), but this pattern is variable between sites. In Argentina, for example, low MS indicates paleosoils and higher MS is found in loess (Orgeira et al. 1998 , Schellenberger et al. 2003 , while in the Chinese Loess Plateau the pattern is the opposite , Zhang et al. 2003 .
The source of MS signal in sediments is controlled mainly by the presence of the ferrimagnets magnetite (Fe 3 O 4 ) and maghemite (γFe 2 O 3 ), whose presence and concentration in soils/loess is seemingly related to pedogenesis and dust transport, which in turn are controlled by the climate (Maher 1998). During wetter/warmer periods, pedogenesis would increase the concentration of ferrimagnets in the soil, while drier/cooler conditions would favor the dilution of ferromagnetic particles in the aeolian deposited dust (Balsam et al. 2011) . The higher MS values in loess than in paleosoils in deposits of Argentina and Alaska, seems to be related to the proximity of these areas to ice mantles during glacial maxima, which would allow for increased aeolian transport capable of carrying larger magnetic grains (Heller and Evans 1995) .
The MS values of the Cordão Formation are lower than those found in recent sandy soils developed on top of the Barrier III (Table I) . The high MS values in the uppermost 15 centimeters of the Barrier III profile are probably related to the presence of modern vegetation, because magnetotactic bacteria associated with plant roots may have an important role in the formation of ultrafine magnetite grains in soils (Maher 1998). The formation and/or concentration of iron oxides is related to the presence of vegetation, possibly through the activity of bacteria in the roots, therefore the low MS values found in the loess could indicate a reduction in the plant cover. In the lower layer of the formation, the higher MS values were measured close to the top, probably because of the presence of iron-manganese nodules and iron oxide halos surrounding plant roots.
ACCUMULATION RATES
Despite the absence of distinct paleosoils interbedded with the loess of the southern CPRS, the laminations observed in the outcrop shown in Figure 2 suggest variations in depositional conditions such as moisture availability, and/ or rates of accumulation. Interbedded layers of paleosoils and loess are a common feature in several Pampean deposits, and indicate alternation between warm/humid and cold/dry phases, respectively (Zinck and Sayago 1999 , 2001 , Muhs and Bettis 2003 , Frechen et al. 2009 ). Although most paleosoil-loess sequences represent longperiod climatic oscillations (Schellenberger and Veit 2006) , in the Tucumán Province of northern Argentina the sequences developed between 27.6 and 17.5 kyrs ago indicate a climatic periodicity of 500 years (Zinck and Sayago 1999) . The absence of well-developed paleosoils within the loess of the southern CPRS suggests reduced vegetation cover, probably related to dry and cold conditions throughout the time of its deposition.
Despite the uncertainties, the two OSL ages obtained from samples collected with a vertical separation of ~80 centimeters, represent an interval of approximately 1.100 years. Because no hiatuses or unconformities were observed between the two samples, deposition can be regarded as continuous throughout this interval, with an estimated accumulation rate (AR) of 0,0007 m/yr. This rate was used to calculate the mass accumulation rate (MAR) using the relationship (Kohfeld and Harrison 2001) :
where f is the fraction of aeolian transported material (loess = 1) and BD is the bulk density of the material (0,9 x 10 6 g/m 3 for the loess from the Cordão Formation). The estimated MAR for this unit was 630 g/m 2 /yr, within the range of rates found for European (100-7.000 g/m 2 /yr) and Chinese (60 to >5.000 g/m 2 /yr) loess, but lower than the estimated for loess units in North America (>2.000 g/m 2 /yr) during MIS 2 (Frechen et al. 2003 , Kohfeld and Harrison 2003 , Roberts et al. 2003 , Lai et al. 2007 ).
PALEOENVIRONMENT
Large-bodied mammals such as ground sloths, glyptodonts, mastodonts and toxodonts, although common in the fluvial facies of the underlying Santa Vitória Formation, have not been found in the Cordão Formation so far. The loessic units of Argentina and Uruguay, on the other hand, are well-known for the presence of large mammalian remains (Darwin 1846 , Teruggi 1957 , Zárate and Blasi 1991 , Ferrero 2009 , Ubilla et al. 2011 , Corona et al. 2013 .
Cold and dry climate was widespread in southern South America at the time of deposition of the Cordão Formation. Paleoclimatic reconstructions and pollen remains indicate that the pampas were then occupied by steppes (Clapperton 1993a , Behling and Lichte 1997 , Behling 2002 , Behling et al. 2005 . The absence of pollen remains and the scarcity of vertebrate fossils in the Cordão Formation could be explained by the lack of depositional environments that favor the preservation of fossil remains, such as fluvial systems and lakes, because of the dry climate. Such conditions alone, however, do not explain the absence of large and weathering-resistant skeletal elements such as bones and teeth of megamammals, therefore ecological factors are probably involved.
Fossils of rodents that indicate semiarid environments (Microcavia and Dolichotis) have also been found in Chuy Creek (Ubilla et al. 2008 , Kerber et al. 2011 , but their precise stratigraphic provenance is unknown. The only identified fossil that was collected directly from the loess is the maxila of Hemiauchenia (Figure 8a ). Morphological and isotopic analyses show that these animals were mostly browsers, but could also adapt to local environments and assume a grazing habit ( Feranec 2003 , Semprebon and Rivals 2010 , Yann and DeSantis 2014 . It is likely that the more generalist dietary habit of Hemiauchenia enabled these animals to survive under cold dry conditions that were unsuitable for other large mammals.
Although an absolute age for the end of loess deposition in the CPRS is not available yet, the 14 C ages from the organic matter-rich clayey silt layers described by Lima et al. (2013) and Caron (2014) show that by ~10 kyrs ago wetter conditions were widespread in the area. Those 14 C ages correlate this wet interval to the Hypsithermal or climatic optimum at the early-middle Holocene (Emiliani 1972 , Ciais et al. 1992 , Iriondo 1999b , which was characterized by widespread pedogenesis in the Pampas (Kröhling 1999 , Tonni et al. 2001 , Iriondo and Kröhling 2007b , Zárate et al. 2009 ). Wet conditions after the deposition of loess in the CPRS are also evidenced by the lenticular bodies of diatomite that outcrop along the banks of Chuy Creek, at the boundary between the lower and upper Cordão Formation (see Figure 7) . These diatomites measure up to ~1 meter across, have a maximum thickness of ~30 centimeters and exhibit laminations, which may indicate seasonal climate. The accumulation of diatom frustules points to high primary productivity (Lopes et al. 2016b) , and the lenticular shape of the diatomites suggests that these were formed in ponds that filled small deflation basins, under conditions of reduced input of terrigenous clastic sediments, because these promote the dissolution of the frustules (Harwood, 1999) .
